Abnormal choline phospholipid metabolism is a hallmark of cancer. The magnetic resonance spectroscopy (MRS) detected total choline (tCho) signal can serve as an early noninvasive imaging biomarker of chemotherapy response in breast cancer. We have quantified the individual components of the tCho signal, glycerophosphocholine (GPC), phosphocholine (PC) and free choline (Cho), before and after treatment with the commonly used chemotherapeutic drug doxorubicin in weakly metastatic human MCF7 and triple-negative human MDA-MB-231 breast cancer cells. While the tCho concentration did not change following doxorubicin treatment, GPC significantly increased and PC decreased. Of the two phosphatidylcholine-specific PLD enzymes, only PLD1, but not PLD2, mRNA was down-regulated by doxorubicin treatment. For the two reported genes encoding GPC phosphodiesterase, the mRNA of GDPD6, but not GDPD5, decreased following doxorubicin treatment. mRNA levels of choline kinase α (ChKα), which converts Cho to PC, were reduced following doxorubicin treatment. PLD1 and ChKα protein levels decreased following doxorubicin treatment in a concentration dependent manner. Treatment with the PLD1 specific inhibitor VU0155069 sensitized MCF7 and MDA-MB-231 breast cancer cells to doxorubicin-induced cytotoxicity. Low concentrations of 100 nM of doxorubicin increased MDA-MB-231 cell migration. GDPD6, but not PLD1 or ChKα, silencing by siRNA abolished doxorubicin-induced breast cancer cell migration. Doxorubicin induced GPC increase and PC decrease are caused by reductions in PLD1, GDPD6, and ChKα mRNA and protein expression. We have shown that silencing or inhibiting these genes/proteins can promote drug effectiveness and reduce adverse drug effects. Our findings emphasize the importance of detecting PC and GPC individually.
Introduction
The choline containing metabolites phosphocholine (PC) and glycerophosphocholine (GPC) are associated with malignant transformation and have been proposed as biomarkers of tumor progression [1] . PC, GPC, and free choline (Cho) can be detected by 1 H and 31 P MRS in vivo [1, 2] , as well as ex vivo using magic angle spinning MRS of biopsied tissue [3, 4] or extracts of tissues or cells [5] . 1 H or 31 P MRS detected changes in PC and/or GPC can also serve as biomarkers for developing targeted anti-cancer drugs, such as drugs targeting choline kinase α [6, 7] , fatty acid synthase [8] , or HSP90 [9] , among others. Proton MRS of PC and the unresolved total choline (tCho) signal has also been applied to monitoring breast tumor response to therapy during radio-and chemotherapy in breast cancer patients [10] [11] [12] . As chemotherapeutic drugs are often toxic and different patients respond differently to the same dose of the same drug [13, 14] , developing biomarkers for monitoring the clinical response to therapy will help guide treatment choices, dosage, and timing to achieve optimized therapeutic results with minimal side effects. Many clinical 1 H and 31 P MRS studies have reported changes in PC, GPC, and tCho following chemotherapy in human cancers, showing the promise of using these metabolic changes as an indicator of treatment response [10, 15, 16] . However, mechanistic molecular studies of how exactly individual chemotherapeutic drugs change the choline metabolite profile have not yet been performed in detail and would be important for the clinical interpretation of these noninvasive choline containing biomarkers.
Doxorubicin is a powerful first line chemotherapeutic drug widely used for cancer treatment, which unfortunately also possesses significant cardiotoxicity [17] . Doxorubicin cytotoxicity is caused by Topoisomerase II-mediated DNA damage, which has been reported as the major mechanism by which doxorubicin achieves cancer cell kill in the clinic. The same molecular mechanism of doxorubicin action has been shown to induce its cardiotoxicity, which limits the possibilities of alleviating doxorubicin's main side effect and its application [18] . As doxorubicin induced heart failure is strongly dosage-dependent, it is of utmost importance to carefully plan clinical dosing regimens. This led us to evaluate the noninvasive biomarkers PC and GPC for possible longitudinal monitoring of doxorubicin treatment response for help with planning doxorubicin dosage and timing of its administration.
Choline containing metabolites in the cytosol are intermediates of choline phospholipid metabolism, which leads to de novo synthesis of the major cell membrane component phosphatidylcholine (PtdCho) . Cancers and cancer cell lines display an activated choline metabolism, resulting in elevated cellular tCho and PC levels as a hallmark of cancer [1] . An elevated PC/GPC ratio is associated with tumor malignancy in breast and ovarian cancer cells [5, 19, 20] . PtdCho synthesis is catalyzed by several enzymes, whose expression and activity are regulated by oncogenic signaling pathways [1] . In cancer cells, free choline is released from the membrane by PtdCho specific phospholipase D enzymes, which are encoded by two genes: PLD1 and PLD2 [1] . Both genes are involved in cell proliferation, cell migration, cell survival, neoplastic transformation, and tumor progression [21] , which makes them potential therapeutic targets [22] . Choline Kinase α (ChKα), which phosphorylates free choline to form PC, was reported to be up-regulated in a variety of cancer cell lines and tumor biopsy samples, and its deregulation was proposed as one of the main molecular causes of altered cellular PC levels [1, 5, 6, 20, [23] [24] [25] . Silencing or inhibition of ChKα in cancers decreases cell proliferation and reduces tumor xenograft growth [24] [25] [26] . Silencing of ChKα with lentivirally delivered shRNA or inhibiting ChKα enzyme activity with chemical compounds in tumor xenografts also significantly decreased tumor PC and tCho levels, which can be detected by single-voxel 1 H and 31 P MRS or 1 H MRSI, suggesting that ChKα might be an anti-cancer target of theranostic value [23, 26] . Enzymes with glycerophosphocholine phosphodiesterase (GPC-PDE) activity, which convert GPC to glycerol phosphate and free choline, deprive the cellular GPC pool and increase the PC/GPC ratio. Recently, two enzymes with GPC-PDE activity have been identified, which are glycerophosphodiester phosphodiesterase domain containing 5 (GDPD5), which osmotically regulates GPC levels in kidney cells [27] , and GDPD6 (also named EDI3), whose knockdown decreased cancer cell motility [28] . Elevated GDPD5 expression is associated with breast cancer malignancy as well as with an increased PC and tCho content and elevated PC/GPC [29] . GDPD5 siRNA treatment of MCF7 cells decreased cell viability/proliferation and migration as compared to non-target siRNA [30] . Comparing GDPD5 and GDPD6 siRNA treatment of the breast cancer cell lines MCF7 and MDA-MB-231 suggested that GDPD6 takes a leading role in cleaving cellular GPC, while both GDPD5 and GDPD6 silencing decreased breast cancer cell migration and invasion [30] . It is possible that choline metabolic enzymes play a role in conferring the efficacy of chemotherapeutic drugs, which in turn may lead to changes in the noninvasive treatment response biomarkers PC, GPC, and tCho. These enzymes may also serve as potential therapeutic targets that can enhance the cytotoxicity of chemotherapeutic drugs.
In this study, we report changes in the choline metabolite profile following doxorubicin treatment in breast cancer cells, and explore the possibility of combining doxorubicin treatment with targeting the choline phospholipid pathway. We have observed that after doxorubicin treatment, although the tCho level did not change significantly, cellular GPC level increased and PC level decreased, leading to a significant PC/GPC ratio decrease. These metabolic changes were caused by PLD1, ChKα, and GDPD6, all of which were down-regulated at the mRNA and protein level after doxorubicin exposure. Silencing of these genes or inhibition of the enzyme activity of PLD1 potentiated low dose doxorubicin effects. Silencing of GDPD6 counteracted the detrimental effects of increased cancer cell migration ability, which was promoted by low concentrations of doxorubicin.
Materials and Methods

Cell Lines, Cell Culture, and Doxorubicin Treatment
The breast cancer cell lines MDA-MB-231 and MCF7 were originally obtained from ATCC (American Type Culture Collection, Manassas, VA) and maintained in RPMI-1640 (Sigma-Aldrich, St. Louis, MO) or MEM (Sigma-Aldrich) medium supplemented with 10% of fetal bovine serum (FBS), respectively. Cells were grown in an incubator at 37°C with 5% CO 2 in a humidified atmosphere. Cell lines tested negative for mycoplasma using a PCR-based MycoDtect kit (Greiner Bio-One, Monroe, NC) and were authenticated by STR profiling, both of which is routinely done every six months. All experiments were performed between passage numbers 2-10 after cell thawing from the same frozen batch of cells with identical passage number. MCF7 and MDA-MB-231 cells were treated with 5 μM doxorubicin hydrochloride in standard cell culture medium for 24 h or 48 h, as recently described by us [31] . We chose a 5 μM concentration because in the clinic, doxorubicin is typically supplied as a bolus that results in plasma concentrations of 5 μM to 10 μM [32] . We have previously determined the IC 50 values for 24 h and 48 h of doxorubicin treatment in our cell culture systems to be 4.0 ± 0.3 μM and 2.7 ± 0.5 μM for MCF7 cells, respectively, and 4.0 ± 0.1 μM and 1.4 ± 0.2 μM for MDA-MB-231 cells, respectively [31] . We prepared all untreated vehicle controls at the same time from the same respective cell batch.
Metabolite Extraction and High-Resolution MRS
Cells were provided with fresh cell culture media and treated with 5 μM doxorubicin (Sigma-Aldrich), or DMSO as control, for 24 h or 48 h, followed by cell harvesting by trysinization, and washing with saline. Cell pellets were obtained by centrifugation, re-suspended, and cells were extracted with 4 ml of cold methanol, then 4 ml of chloroform, followed by 4 ml of distilled water. These samples were kept in the cold room overnight for thorough metabolite extraction and phase separation. High-speed centrifugation was used for complete phase separation, and then the upper water phase was taken out, subjected to cation ion removal with chelex beads (Sigma-Aldrich), rotary distillation, and lyophilization. The dried metabolite samples were stored at −80°C until measurement. Each metabolite sample was dissolved in deuterium dioxide containing 0.24×10 −6 mol 3-(trimethylsilyl)propionic-2,2,3,3,-d 4 acid (TSP, Sigma-Aldrich) as chemical shift reference and standard for metabolite quantification. Each lipid sample was dissolved in 0.6 ml of CDCl3/CD3OD (2:1, v/v) containing premixed 2.17×10 −6 mol tetramethylsilane as an internal concentration standard (Cambridge Isotope Laboratories, Inc.). Fully relaxed high-resolution 1 H MR spectra were acquired on a Bruker Avance 500 MR Spectrometer (Bruker BioSpin Corp., Billerica, MA) as previously described [5] . Free choline (3.209 ppm), PC (3.227 ppm), and GPC (3.236) from the metabolite spectra and PtdCho (3.22 ppm, N-(CH 3 ) 3 signal) from the lipid spectra were quantified by peak integration using MestReNova software (Mestrelab Research, Santiago de Compostela, Spain) and normalized to cell number as previously described [5] . Each experiment was repeated 3 times. Other metabolic changes were also quantified from the 1 H spectra, as recently published by us [31] .
RNA Extraction and qRT-PCR
Cells were treated with 5 μM doxorubicin for 24 h or 48 h prior to harvesting the sample. RNA was extracted using the RNAeasy mini kit (Qiagen, Valencia, CA) according to the manufacturer's instructions. RNA concentration was measured using a spectrophotometer at its absorption maximum of 260 nm. cDNA was synthesized with qScript cDNA supermix (Quantabioscience, Gaithersburg, MD) according to the manufacturer's protocol. Real-time quantitative PCR mixture was set up with SYBR green supermix (Quantabioscience), and thermal cycling was run on a Biorad CFX384™ system (Bio-Rad Laboratories, Hercules, CA). The results were processed using the 2 -ΔΔCT method [26] . The primers used for qRT-PCR were as follows. PLD1 forward: 5′-GGAAAGCGTGACAGTGAAATG-3′. PLD1 reverse: 5′-GATAGCCAAGGACAACCCTAAA-3′. PLD2 forward: 5′-GCCAGCACTTCCTCTACATT-3′, PLD2 reverse: 5′-TCCTGACAGTCCACCTTACT-3′. ChKα forward: 5′-GATCCGAACAAGCTCAGAAAGAAAATG-3′. ChKα reverse: 5′-CGGCTCGGGATGAACTGCTC-3′. GDPD5 forward: 5′-CTA CAACCCTGAGCAGAT-3′, GDPD5 reverse: 5′-AACATACGGAG AGCACAT-3. GDPD6 forward: 5′-TTTCAAAATGCTGCAGGGT AAT-3′. GDPD6 reverse: 5′-ACCCACAAAGCAACAGTGTGTA-3. 36B4 forward: 5′-GATTGGCTACCCAACTGTTGCA-3′. 36B4 reverse: 5′-CAGGGGCAGCAGCCACAAAGGC-3′. Each experiment was performed with two technical replicates, and three biological repeats.
Western Blotting
After treatment with different concentrations of doxorubicin (0.0, 0.5, 1.5, 5.0 μM) for 24 h, cells were gently washed with PBS (Mediatech, Manassas, VA) then RIPA buffer (50 mM Tris, pH 8.0, 150 mM NaCl, 0.5% sodium deoxycholate, 0.1% Triton X100, 0.1% SDS) supplemented with protease inhibitor mixture (P8340, Sigma-Aldrich) was added. Cells in RIPA buffer were scraped into a vial and broken by sonicating them 10 times with a 1 second pulse and 1 second stop each with samples bathing in ice. After centrifugation, the supernatant was mixed with 6X SDS-PAGE loading buffer (500 mM Tris-HCl, pH 6.8, 600 mM DTT, 12% SDS, 0.6% bromophenol blue, 60% glycerol), and soluble proteins were completely denatured by heating at 90°C for 5 min. Equal amounts of total proteins were loaded and separated by PAGE, and transferred to PVDF membranes. After blocking with 5% not-fat dry milk for 1 h, membranes with bands of interest were incubated with primary antibody overnight while shaking in the cold room at 4°C. Primary antibodies were mouse anti-PLD1 antibody (Santa Cruz Biotechnology, Dallas, TX) diluted 1:100, or custom-made rabbit anti-ChKα antibody [24] diluted 1:250. Membranes were washed three times with PBS plus 0.1% Tween 20 (PBST), followed by incubation for 1 h with secondary horseradish peroxidase conjugated anti-mouse or anti-rabbit antibody diluted 1:3000 and another three PBST washes. Signal was developed with SuperSignal West Pico chemiluminescent substrate kit (Thermo Fisher Scientific, Waltham, MA) and its intensity was detected with classic X-ray film (Research Products International, Mt. Prospect, IL) in a dark room. Films were scanned and immunoreactive bands were quantified by densitometry using Image J (NIH, Bethesda, MD) as previously described [24] . Each experiment was repeated 3 times.
siRNA Transfection
Stock solutions of 100 μM siRNA in RNase free water were prepared and transfected with lipofectamine 2000 (Thermo Fisher Scientific) according to the manufacturer's protocol to give a final concentration of 60 nM. Cells were incubated with siRNA:lipofectamine 2000 complex for 48 h prior to performing cell migration or cell viability assays. The knockdown efficiency of all siRNA sequences used in this study was confirmed in previous studies. The following siRNA sequences were used: The PLD1 siRNA sequence was 5′-GGGAAGAAGGAGACAGAAA-3′ [22] , the ChKα siRNA sequence was 5′-CATGCTGTTCCAGTGCTCC-3′ [26] , the GDPD6 siRNA sequence was 5′-GGAAAGAATCTGTGGTTCA-3′ [30] , and the non-target siRNA sequence was 5′-GTGGACTCTT GAAAGTACTAT-3′.
Cell Viability Assay
Cells following 48 h of siRNA transfection or intact cells were seeded in a 96-well plate at 5000 cells per well. After the cells attached to the bottom, a series of doxorubicin concentrations was applied to the wells. For PLD1 inhibitor experiments, a series of doxorubicin concentrations combined with 10 μM of PLD1 selective inhibitor VU0155069 (Santa Cruz Biotechnology) was applied to the wells after 48 h of seeding intact cells. After 48 h or 72 h of treatment, WST-1 assay reagent (Roche Life Science, Indianapolis, IN) was added according to the manufacturer's protocol and incubated for 2 h, followed by detecting the absorption at 450 nm. We measured 3 technical replicates for each of 4 biological repeats for each experimental group.
Cell Migration Assay
MDA-MB-231 cells incubated with siRNA:lipofectamine 2000 for 48 h were trypsinized and washed with RPMI-1640 medium without serum. A 24-well plate was loaded with RPMI-1640 medium with 2% FBS, and 100 nM of doxorubicin was added as treatment or DMSO as control. Each Corning transwell insert with 8 μm pore (product number 3422, Corning, Tewksbury, MA) was loaded with RPMI-1640 medium without serum plus 100 nM doxorubicin as treatment or DMSO as control and 8000 cells. After 24 h, the cells in the top of inserts were removed by cotton swabs; the cells attached to the bottom of inserts were fixed with 4% paraformaldehyde (PFA, Santa Cruz Biotechnology) and stained with 1% crystal violet solution. Representative views of transwell insert membranes were imaged with a Nikon TS100 inverted microscope equipped with a charge-coupled device (CCD) camera. Cell numbers in four representative fields of view per transwell insert membrane were counted manually. Each experiment was repeated 3 times.
Statistical Analysis
All data were processed in Microsoft Office Excel (Microsoft, Redmond, WA). Comparisons were made using unpaired two-tailed Student's t test and considered significant if the P values were ≤0.05. Each experiment was repeated at least three times as indicated at the end of each experimental subsection. Data are presented as mean ± standard error (SE).
Results
Choline Metabolite Profile Changes in Doxorubicin-Treated Breast Cancer Cells
High-resolution 1 H MR spectra of the water-soluble metabolites from estrogen receptor (ER) positive MCF7 and triple negative MDA-MB-231 breast cancer cell extracts demonstrated significant GPC increases and PC decreases upon treatment with 5 μM doxorubicin for 24 h, which were even more pronounced after 48 h of treatment in both cell lines compared to that of the respective controls ( Figure 1A ). Quantification of each choline metabolite showed that after 24 h of doxorubicin exposure, the GPC level increased significantly in both MCF7 (P = .011), and MDA-MB-231 (P = .028) cells, while the PC level decreased slightly, thus leading to an increased PC/GPC ratio in MCF7 (P = .028) and MDA-MB-231 (P = .038) cells ( Figure 1B ). After 48 h of doxorubicin treatment, the GPC level further increased. In MCF7, the GPC concentration of doxorubicin treated samples was about 2.5 times that of untreated samples (P = .009), and in MDA-MB-231, it was increased by about 3.5 times (P = .020). At the same time, the PC concentration decreased significantly after 48 h of doxorubicin treatment in both breast cancer cell lines, leading to levels of about 65% of control in MCF7 (P = .006) and about 54% of control in MDA-MB-231 (P = .002) cells. After 48 h of doxorubicin exposure, PC/GPC ratios significantly decreased to less than 1.0 in both MCF7 (P = .005) and MDA-MB-231 (P = .005) cells ( Figure 1C ). Free choline levels were negligible compared to GPC and PC in both cell lines, and differences between doxorubicin treated cells and control cells were not significant in any case. The tCho level, which is the sum of PC, GPC, and Cho, did not change following doxorubicin treatment in either cell line at any treatment time point in spite of the significant increases in GPC and decreases in PC. PtdCho levels significantly increased following doxorubicin treatment for 48 h in MCF-7 (P = .036), and for 24 h (P = .034) and 48 h (P = .033) of treatment in MDA-MB-231 breast cancer cells. Other metabolic changes quantified from the 1 H MR spectra were recently published by us, and comprised consistent increases in creatine and phosphocreatine in both cell lines in addition to the GPC elevation [31] .
Doxorubicin Down-regulates Selected Choline Metabolic Enzymes
Based on the significant doxorubicin-induced changes in GPC and PC, we explored the molecular mechanisms underlying these changes by qRT-PCR screening of genes encoding important enzymes in PtdCho metabolism that potentially regulate cellular GPC and PC levels. Of the two tested GPC-PDE genes, only mRNA of GDPD6 was decreased consistently in both MCF7 cells at 24 h (decrease by 75%, P = .001) and MDA-MB-231 cells at 24 h (decrease by 52%, P = .006) and 48 h (decrease by 70%, P = .030) compared to control ( Figure 2B ). Gene expression levels for MCF7 cells were only obtained at 24 h of doxorubicin treatment, as it was not possible to obtain high quality RNA at 48 h of treatment in MCF7 due to severe cell death. The GDPD5 gene only showed a significant decrease in MDA-MB-231 cells at 24 h of doxorubicin exposure (decrease by 58%, P = .010) (Figure 2A ). Therefore, with both GDPD5 and GDPD6 reported to confer GPC-PDE activity, our data show that GDPD6 mostly contributed to the doxorubicin induced GPC increase in breast cancer cells. The ChKα gene was also down-regulated in MCF7 cells at 24 h (decrease by 64%, P = .049) and MDA-MB-231 cells at 24 h (decreased by 90%, P b .001) and 48 h (decrease by 80%, P = .008) after doxorubicin treatment of breast cancer cells as compared to the respective vehicle controls, which was consistent with the decrease in PC levels following doxorubicin treatment ( Figure 2C ). In addition, PLD1 expression was decreased upon doxorubicin treatment in both breast cancer cell lines, resulting in a decrease by 74% in MCF7 cells at 24 h (P = .021), by 84% in MDA-MB-231 cells at 24 h (P b .001) and by 74% at 48 h (P = .006) ( Figure 2D ). PLD2 gene expression remained unchanged, or increased by 81% in MDA-MB-231 cells following 48 h (P = .032) of doxorubicin exposure as compared to the respective vehicle controls ( Figure 2E ).
Doxorubicin at Lethal and Sub-lethal Concentrations Decreases PLD1 and ChKα Protein Levels
After identifying doxorubicin-induced changes in mRNA levels of choline metabolic enzymes, we further explored the relationship between down-regulation of the encoded proteins and doxorubicin concentration used for treatment. At the lethal concentration of 5 μM of doxorubicin, both PLD1 ( Figure 3A) and ChKα ( Figure 3B ) protein levels significantly decreased compared to vehicle treated control cells. In MCF7 cells, PLD1 protein decreased to 40% of control (P = .035) and ChKα to 20% of control (P = .022). In MDA-MB-231 cells, PLD1 was reduced to 30% (P = .041) and ChKα to 17% (P = .005) of control. At a sub-lethal concentration of 1.5 μM of doxorubicin, PLD1 significantly decreased (P = .017) while ChKα marginally decreased as compared to vehicle controls in MCF7 cells. In MDA-MB-231 cells at 1.5 μM doxorubicin, PLD1 and ChKα were also slightly reduced as compared to control. At a non-lethal concentration of 0.5 μM of doxorubicin, neither PLD1 nor ChKα protein levels were changed. In conclusion, doxorubicin treatment resulted in a reduction of PLD1 and ChKα protein levels that was more pronounced at higher concentrations of doxorubicin.
Disrupting PtdCho Metabolism Potentiates Doxorubicin Toxicity
Based on the discovery that doxorubicin reduces PLD1 and ChKα protein expression levels, we next tested if silencing or inhibiting PLD1, ChKα, or GDPD6 could potentiate the effects of lower doxorubicin concentrations. Treating PLD1-silenced cells with doxorubicin resulted in significantly decreased cell viability as compared to that of non-target siRNA treated control cells at a concentration of 500 nM (P = .025) and 1500 nM (P = .019) doxorubicin in MDA-MB-231 cells, whereas no significant effects in MCF7 cells (Figure 4A, B) . ChKα silencing combined with low dose doxorubicin treatment did not show any effect in MDA-MB-231 cells, but significantly reduced cell viability of ChKα-silenced MCF7 cells treated with 1500 nM doxorubicin (P b .001). While previous studies showed that silencing of ChKα was able to significantly reduce cell viability in breast cancer cells at an siRNA concentration of approximately 100 nM for 48 h [24] , here we have chosen a lower siRNA concentration of 60 nM to be able to observe additional reductions in cell viability caused by the combination with doxorubicin treatment. GDPD6 silencing combined with low dose doxorubicin treatment reduced cell viability in both breast cancer cell lines. In MDA-MB-231 cells, the viability of 500 nM (P = .019) and 1500 nM (P = .014) doxorubicin treated GDPD6-silenced cells significantly decreased compared to that of non-target siRNA treated control cells. In MCF7 cells, the combined treatment effect was slight at 500 nM doxorubicin (P = .082), and highly significant at 1500 nM doxorubicin (P b .001). We also observed that the PLD1 specific inhibitor VU0155069 [33] acted synergistically with doxorubicin in MCF7 cells ( Figure 4C ). Although VU0155069 alone had no effect on MCF7 cells, it dramatically exacerbated the effect of doxorubicin on cell viability in the concentration range above 150 nM ( Figure  4C ). VU0155069 acted additively when combined with doxorubicin in decreasing the cell viability of MDA-MB-231 cells ( Figure 4D ).
GDPD6, but not PLD1 and ChKα, Silencing Counteracts Doxorubicin Induced Cell Migration
Previous reports have shown that low concentrations of doxorubicin were able to promote breast cancer cell migration [34] , while there is evidence that both PLD1 [35] and GDPD6 [28, 30] silencing can decrease cancer cell migration. To test if silencing of these genes is able to inhibit this undesired effect of doxorubicin on breast cancer cell migration, we performed transwell migration assays under combination treatment. Our observations confirmed that 100 nM of doxorubicin was able to double the number of migrated cells (P = .006). Silencing alone of PLD1 (P = .009) or GDPD6 (P = .036) significantly decreased MDA-MB-231 breast cancer cell migration as compared to non-target siRNA control without doxorubicin treatment. Silencing of PLD1 was not able to reduce doxorubicin-promoted cell migration. When 100 nM doxorubicin was added to PLD1-silenced MDA-MB-231 cells, the migrated cell number was almost the same as that of non-target siRNA treated cells without doxorubicin. In contrast, GDPD6 silencing was able to counteract low dose doxorubicin-induced cell migration ( Figure 5 ), as evident from a significantly reduced number of migrated cells in 100 nM doxorubicin treated GDPD6-silenced MDA-MB-231 cells as compared to non-target siRNA treated cells under low dose doxorubicin treatment (P b .001). Silencing of ChKα did not result in significant changes in migration compared to non-target siRNA control without doxorubicin treatment, and was not able to mitigate the doxorubicin-induced increase in MDA-MB-231 cell migration.
Discussion
In this study, we demonstrated that the chemotherapeutic drug doxorubicin significantly increased GPC and decreased PC in human breast cancer cells through down-regulation of the PtdCho metabolism enzymes PLD1, ChKα, and GDPD6, which was evident at the mRNA and protein levels, and which occurred in a doxorubicin concentration dependent manner. Targeting these genes by siRNA silencing or inhibition in combination with doxorubicin treatment further reduced the cell viability of the treated breast cancer cells. Silencing of GDPD6 in combination with low dose doxorubicin treatment was able to counteract doxorubicin-induced cell migration. Following doxorubicin treatment of breast cancer cells, we observed that the tCho signal did not change, while its major component PC decreased and GPC increased, resulting in a significantly smaller PC/GPC ratio than that in untreated cells. Alterations in choline metabolite concentrations have been reported in response to the chemotherapeutic drug docetaxol in cell and xenograft models, demonstrating a significant decrease in intracellular PC and increase in GPC following docetaxol treatment [36] , which is consistent with our observations in doxorubicin-treated human breast cancer cells. These observations are also consistent with the finding that high GPC and low PC are typical of a less malignant phenotype in breast and ovarian cancer cells [19, 37] . Previous clinical in vivo studies in breast cancer patients have monitored alterations in the tCho signal in response to chemotherapeutic drug treatments [10] [11] [12] 38] . [15] , but MRS based tCho measurements may be unable to distinguish response earlier than MR imaging based size measurements [12, 15, 38] . Quantitative tCho measurements from in vivo MRS data in a multi-site clinical trial setting of neoadjuvant chemotherapy in breast cancer patients were hampered by the technical difficulties of acquiring these data consistently at multiple sites [39] . Most of these patient studies used a combination of different chemotherapeutics, some of which included doxorubicin [10] [11] [12] 38] . For example, Baek et al. [15] have studied breast cancer patients receiving neoadjuvant combination therapy with doxorubicin-cyclophosphamide and observed a trend of tCho decrease in responding patients, providing some patient-based evidence that links doxorubicin treatment with choline metabolism. In addition, our study suggests that an unchanged tCho peak following treatment may be misleading under certain circumstances, and that detailed studies are necessary to address how individual metabolites including GPC and PC respond to each individual chemotherapeutic drug in cell and animal model. The ability to detect separated PC and GPC signals in vivo is a challenging but worthwhile goal considering the fact that they may behave differently in response to the same treatment. Significant recent advances in detecting separated PC and GPC signals along with the ethanolamine counterparts phosphoethanolamine and glycerophosphoethanolamine in patients in vivo have been reported with specialized in vivo 31 P MRS techniques [40] and at high fields such as 7 T [2] . Moreover, high-resolution 1 H MRS on biopsy specimens from cancer patients is a powerful approach that is able to resolve the tCho signal into GPC, PC, and Cho [3, [41] [42] [43] . Both of these approaches could be used for detecting treatment-induced changes that increase GPC while concomitantly decreasing PC, leaving net tCho unchanged in patients in vivo or in biopsies from cancer patients.
The use of noninvasive metabolic imaging biomarkers of tumor response would be particularly helpful for detecting the response of a given tumor early on during the initially selected treatment regimen. It is well known that anatomical MRI measures of tumor size according to the "Response Evaluation Criteria In Solid Tumors" (RECIST) may require up to three cycles of chemotherapy for a response evaluation, which is rather slow [44] . The biomarkers PC and GPC as detected noninvasively by 31 P MRS would enable a response evaluation as early as 24 h following the start of the treatment. Such an early detection of tumor response would be helpful for choosing the right drug, as well as adjusting its timing of administration and dosage during treatment. Detection of PC and GPC could be combined with other information obtained from MRI such as pharmacokinetic parameters, apparent diffusion coefficient, T2 relaxation time, and water-to-fat ratio, which have been reported as biomarkers of anticancer therapy [15] . The advantage of detecting PC and GPC concentration for cancer treatment response evaluation would be that these biomarkers provide information about distinct molecular pathways.
The three enzymes PLD1, ChKα, and GDPD6 were down-regulated by doxorubicin treatment in breast cancer cells. An altered expression of ChKα resulting in PC and sometimes tCho level changes can be observed in response to several targeted therapeutic agents including inhibitors of RAS [45] , PI3K [6] , PI-PLC [46] , fatty acid synthase [8] , Heat Shock Protein 90 [9] , and histone deacetylase 7, 47] , but effects of chemotherapeutic drugs on the regulation of ChKα are relatively unknown. We provided for the first time evidence that the chemotherapeutic drug doxorubicin down-regulated ChKα and decreased cellular PC levels in breast cancer cells. To the best of our knowledge, there are no reports about any drug effects on GDPD6 expression. We are reporting here that doxorubicin decreased GDPD6 expression and in turn increased the cellular GPC concentration in breast cancer cells. The doxorubicin concentration was linked to the level of protein expression in our study, resulting in a more pronounced reduction of PLD1 and ChKα protein levels at higher doxorubicin concentrations. Overall, our data suggest the possibility that GDPD6, PLD1, and ChKα protein reduction, and the resulting GPC increase and PC decrease, were associated with doxorubicin toxicity in the treated breast cancer cells. This combined reduction of counteracting enzyme expression levels most likely also resulted in unaltered Cho levels, as the reduction in PLD and GDPD6 levels would both reduce Cho levels, and the reduction in ChKα would increase Cho levels at the same time, leading in sum to no significant Cho change. PLD1 knockdown has previously been reported to increase PC level as it reversely interacts with ChKα expression [22] . In our study, these reversely interacting effects in the expression levels of PLD1 and ChKα were most likely masked by a direct down-regulation of ChKα expression by doxorubicin. The significant increase in membrane PtdCho levels following doxorubicin treatment could result from reduced breakdown of PtdCho due to reduced PLD expression levels upon doxorubicin treatment. Gene expression analysis of enzymes in choline phospholipid metabolism following drug treatment may help undermine the MRS-detected choline metabolite level profile that can serve as biomarker profile of treatment response.
Based on our observations, we further tested the possibility of targeting PtdCho metabolism in combination with doxorubicin treatment to enhance cell kill or exacerbate the reduction in cancer cell proliferation. PLD1 silencing or inhibiting PLD1 enzyme activity enhanced the doxorubicin-mediated reduction in cell viability in an additive or synergistic way depending on the cell line. The triple-negative breast cancer cell line MDA-MB-231 with high basal levels of PLD1 expression [22] had a more sensitive response to PLD1 knockdown or inhibition than the estrogen receptor positive cell line MCF7, which is consistent with reports demonstrating that MDA-MB-231 cells rely on PLD activity for survival signals [21] . ChKα was previously reported to show synergistic effects in combination with 5-fluorouracil in decreasing cell viability in breast cancer cells [48] . Combining ChKα inhibitors with 5-fluorouracil was demonstrated as an effective way to treat colorectal cancer in preclinical models [49] . There are several ChKα inhibitors available [50, 51] . Effective ways to include ChKα inhibitors into chemotherapy treatment regimes in combination with doxorubicin will need more detailed investigations. Studies on GDPD6 in breast cancer are relative limited as of yet. Our study has shown quite promising results for combining GDPD6 with doxorubicin as GDPD6 silencing potentiated doxorubicin induced cell kill in both breast cancer cell lines tested. GDPD6 as a relatively new anticancer target requires a lot more investigation into the molecular pathways it is connected with in cancer. Development of GDPD6 inhibitors may be a worthwhile undertaking for further testing GDPD6 as anticancer treatment target. We demonstrated that GDPD6 knockdown was able to disrupt doxorubicin promoted cell migration, which occurs at sub-lethal doses of doxorubicin. Several types of cytotoxic therapeutic drugs, including doxorubicin, were reported to have adverse tumor-promoting effects, which may lead to chemotherapy-driven metastasis that puts patients' lives at risk [52] . This effect has been proposed to occur through tumor-protective immune responses, but doxorubicin itself has also been reported to increase cell migration in vitro, suggesting that the drug itself can aggravate cancer cell mobility [34] . Our study confirmed the ability of doxorubicin to enhance MDA-MB-231 breast cancer cell migration at sub-lethal doses of 100 nM. A reasonable choice of combination therapy, which includes additional targeted therapeutic agents to counteract the A B Figure 5 . GDPD6 knockdown, but not PLD1 or ChKα knockdown, counteract doxorubicin promoted migration. (A) Representative microscopic images of migrated stained cells after migrating through the membrane in the transwell assay. Treatment with 100 nM doxorubicin resulted in increased breast cancer cell migration as compared to vehicle control without drug. Knockdown of PLD1 decreased cell migration, but after doxorubicin treatment, the migrated cell number showed no difference with non-target siRNA treated cells plus doxorubicin. ChKα knockdown revealed the same pattern as PLD1 silencing. GDPD6 knockdown decreased the number of migrated cells, and after 100 nM doxorubicin was added to medium, the migrated cells number did not increased due to doxorubicin addition, effectively counteracting doxorubicin promoted migration. (B) Quantification results from microscopic cell images following migration. Results are expressed as mean + SE. Means were calculated from three independent experiments. #P ≤ .05; **,##,$$P b .01. ** indicates comparison to vehicle control (DMSO) without doxorubicin; # and ## refer to comparison with non-target controls without doxorubicin; and $$ refers to comparison to non-target control with doxorubicin. An unpaired two-tailed t test was used for all comparisons.
adverse effects of chemotherapeutic drugs, is necessary. Although PLD1 knockdown [28] and PLD1 inhibition by small molecules [33] was shown to decrease cell migration in MDA-MB-231 cells, and ChKα knockdown was reported to decrease ovarian cancer cell migration and aggressiveness [53] , in our study, only the knockdown of GDPD6 was able to counteract doxorubicin promoted cell migration. Careful examination of the interaction between chemotherapeutic drugs and targeted therapy agents may lead to new treatment regimens, which eliminate primary tumors more effectively while reducing the risk of possible chemotherapy-driven metastasis in the clinic.
In summary, our study demonstrated for the first time that the chemotherapeutic drug doxorubicin resulted in decreased ChKα, PLD1, and GDPD6 expression levels, which resulted in elevated GPC and reduced PC in human breast cancer cells. These findings provide the basis for noninvasive biomarker development of treatment response based on choline phospholipid metabolism. We also showed that doxorubicin combines well with silencing or inhibiting ChKα, PLD1, and GDPD6 to enhance breast cancer cell kill. The effects of doxorubicin on reducing ChKα and PLD1 protein levels suggest an important role of these proteins in the cell kill mechanism of doxorubicin. In particular the finding that GDPD6 silencing was able to counteract low dose doxorubicin-mediated cell migration of triple-negative breast cancer cells makes combining GDPD6 targeting with doxorubicin a hopeful choice to further explore as a potential treatment regimen for breast cancer, which could be monitored directly by suitable noninvasive MRS approaches. Future studies to investigate the metabolic profiles of cancer cells treated with different choline-modifying enzyme inhibitors and/or siRNAs in combination with doxorubicin will be able to further corroborate existing links between enzymatic changes and resulting metabolic findings, thereby identifying biomarkers for these combined therapeutic approaches.
